Abstract-We report on measurements of junction location in Cu(In,Ga)Se 2 (CIGS) solar cells with different window-layer materials by nm-resolution electrical potential/field profiling across the junction using Kelvin probe force microscopy imaging on crosssection of the devices. The results illustrate that the device with a CdS window layer (CdS/CIGS) has a buried homojunction located inside the CIGS absorber with ∼40-nm junction depth, whereas the ZnOS/CIGS devices with and without partial electrolyte treatment prior to the window-layer deposition are similar, exhibiting a heterointerface junction. This junction location may contribute in part to the highest efficiency of the CdS/CIGS device among the three devices.
I. INTRODUCTION
T HE heterointerface junction in thin-film solar cells becomes increasingly important for photovoltaic (PV) performance. As the lifetime of absorber materials in state-of-theart devices has greatly improved, interfaces can be the limiting factor that should be improved to significantly advance thinfilm technologies [1] . In addition to the junction optoelectronic properties such as band alignment and recombination velocity, junction location can be one of the critical characteristics that changes the carrier transport and mitigates recombination losses around the junction [2] , [3] . Junction location in heterointerface thin-film solar cells can be much more complicated than device designs because of interdiffusion of elements during and after deposition of the multiple thin layers [2] - [5] . The diffusion can be either extensive at µm-scale or shallow at nm-scale, but it may all significantly affect device functions [6] , [7] . Therefore, characterizing the optoelectrical behavior at and around the interface in nm-scale-such as determining the junction location-is greatly needed to further engineer the interface.
We have reported measuring p-n junction location by developing atomic force microscopy (AFM)-based scanning capacitance spectroscopy. We found that the electrical junction Manuscript received August 19, 2018 location in CdS/Cu(In,Ga)Se 2 (CIGS) devices is ∼40 nm away from the CdS/CIGS heterointerface; thus, the device has a buried homojunction [8] . We have also measured the junction location by nm-resolution electrical potential/field profiling across the junction area (on cross-section) using another AFM-based electrical microscopy technique, Kelvin probe force microscopy (KPFM); we found similar junction depth in the CIGS device [9] . To study the effect of window-layer material and processing conditions on junction location, we report here on measuring and comparing three CIGS devices: with CdS window layer, ZnOS layer, and ZnOS on partial-electrolyte (PE)-treated CIGS. We found that the ZnOS/CIGS devices with and without the PE treatment have similar junction locations at the heterointerface, which differ from the CdS/CIGS device.
II. EXPERIMENTAL
The CIGS films were deposited on a Mo-coated sodalime glass substrate by three-stage coevaporations [10] . The ∼60-nm-thick CdS window layer was deposited on the CIGS film by chemical-bath deposition (CBD) in a solution of NH 4 OH/CS(NH 2 ) 2 /CdSO 4 at 65°C [11] . The ∼20-nm-thick ZnOS layer was deposited by atomic layer deposition using Zn(C 2 CH 5 ) 2 , H 2 S, and H 2 O at 140°C [12] . For the third device, a PE treatment of the CIGS film was first conducted with NH 4 OH/CdSO 4 solution without the CS(NH 2 ) 2 component [13] , then a ∼20-nm-thick ZnOS layer was deposited by CBD in a solution of NH 4 OH/(CH 3 ) 2 SO/ZnSO 4 at 85°C. The PE treatment modifies the near-surface region of the film, but without forming a CdS layer. The KPFM potential imaging on this device was to investigate whether the treatment alone has a similar effect for the junction location. After the windowlayer depositions, an Al-doped ZnO transparent conducting oxide (TCO) layer (∼200 nm) was deposited by RF sputtering; a patterned metal contact of Ni (50 nm)/Al (3 µm) bilayer was then deposited at room temperature to complete the device. The CdS/CIGS device has an anti-reflection coating and the other two devices do not.
Solar cell performance parameters of the three devices in this work are listed in Table I . The CdS/CIGS cell has the best efficiency (Eff) and the other parameters of open-circuit voltage (V oc ), short-circuit current (J sc ) and fill factor (FF); ZnOS/CIGS has the worst, and ZnOS/PE-CIGS is in-between. Note that these efficiencies follow the general trend of efficiency difference between the three types of devices, but detailed performance parameters change depending on each individual batch of the devices.
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. In sample preparation for KPFM potential profiling, the devices were cleaved and the cross-sections were polished using ion milling (JEOL cross-section polisher) by Ar ions with 4 kV and 70 µA for 14 h. The cross-sectional surface, in general, was adequately flat with corrugations less than 50 nm over several µm areas. In the results shown in this paper, the corrugation was less than 10 nm and root mean square roughness is less than 3.5 nm.
Our home-built KPFM uses the second-harmonic oscillation (300-400 kHz) of a Pt-coated Si probe (Nanosenser PPP-EFM) to enhance the voltage resolution from 50 mV (conventional KPFM) to 10 mV [14] , [15] . AC voltage and dc Kelvin probe voltage were applied to the probe, so the Kelvin probe signal data directly represent the surface potential of the sample. The value of absolute contact potential difference varies slightly depending on individual probes because of workfunction fluctuation of the probes. However, the potential contrast and bias-voltageinduced potential change do not depend on the probes, which ensure that the potential profiling across the junction is independent of the probes.
To align the potential image with the location of the window/CIGS interface, scanning electron microscopy (SEM, FEI Nova 630) imaging was performed on the same area as the AFM/KPFM images, with an electron-beam voltage of 3 kV and the current of 0.16 nA in the immersion-lense mode. Fig. 1 shows AFM, KPFM, and SEM images taken on the same area at a region near a metal-contact edge of the CdS/CIGS device. The dashed ovals (likely a nonuniform TCO feature) and the shape of the metal contact, as seen in all the images, were used for the alignment. The dashed line across the images indicates the center of the CdS layer, as identified from the SEM image. Because of the inadequate resolution, the CdS/CIGS interface is not clearly shown on the SEM image; however, we can approximately locate the center of the CdS layer. The dashed rectangle in Fig. 1(b) shows the area, where the potential data were averaged along the horizontal direction to obtain the potential profiles in Fig. 2(a) . We average the data to enhance the signal/noise ratio, but only over a uniform region to suppress resolution and accuracy losses.
III. RESULTS AND DISCUSSIONS
Polishing the cleaved rough cross-sectional surface is necessary to make high-quality AFM and KPFM imaging. However, the polishing made dense surface electronic states and created a defective near-surface region. The surface states and defects trap electrical charges and thus made the potential contrast [∼0.1 V, see the potential profile with bias voltage Vb = 0 V in Fig. 2(a) ] much smaller than the built-in potential in the bulk (∼1 V). To avoid the effect of these surface charges, we measured the potential change across the junction by applying a Vb to the devices [9] - [16] . Because the change of the surface charges by the small Vb is minimal, the change of surface potential as measured by KPFM is approximately identical to the potential change in the bulk. Fig. 2(a) shows the potential profiles at the different Vbs, Fig. 2(b) shows the potential changes at the Vbs from Vb = 0 V, and Fig. 2(c) shows the electric-field changes by taking the first derivative from the potential profiles in Fig. 2(b) . The electricfield peaks in Fig. 2(c) correspond to the location of the p-n junction, because the electric field as well as the Vb-induced field change should be at their maxima at the location of the p-n junction. Based on the alignment with the SEM image, the junction location is ∼70 nm away from the center of the CdS layer.
Because the CdS thickness (∼60 nm) is well determined during the deposition of the layer and the center of CdS is 70 nm away from the pn junction, the junction should be ∼40 nm away from the CdS/CIGS interface (see Fig. 2 ). This result elucidates a buried homojunction at the CIGS subsurface region. We took the data in multiple areas and obtained consistent junction locations of ∼40 nm away from the CdS/CIGS interface. It is worthwhile to note that this profiling of potential change across the device is essentially different from the potential [17] , [18] and photovoltage mapping [19] , [20] on plan-view film surfaces, where the film roughness is tolerable for the AFM-based imaging (usually no polishing for CIGS), but the potential contrast is unavoidably reduced by the surface charge trapping unless a bias voltage can be applied between adjacent grains so that the potential change can be imaged.
Cd diffusion during and after the deposition of the CdS layer might be a mechanism for forming a shallowly buried homojunction [2] - [5] . The CIGS subsurface region is heavily offstoichiometry because it is Cu-poor. Cd Cu defects can form donor states replacing the V Cu acceptor defects. Because of the surface charge effect, the potential profile around the junction at Vb = 0 V is flat as discussed above [see Fig. 2(a) ]. However, the surface potential/field at Vb = +1 V, which is a reverse-bias voltage similar to the bandgap, may present a similar profile to the bulk at Vb = 0 V. The electric-field profile at Vb = +1 V [see Fig. 2(c) ] shows a ∼150-nm field expansion at the CIGS side, which is consistent with the depletion width with a carrier concentration on the order of 10 16 /cm 3 . The field at Vb = +1 V extends ∼50 nm at the CdS side, indicating that the depletion at this side ends about at the location of the CdS/CIGS interface. Therefore, the junction and depletion region are all in the CIGS side, which should be beneficial to the device by suppressing recombination loss for minority-carrier transport over the junction. In other words, the effect of heterointerface recombination should be mitigated by the minority-carrier diffusion over the homojunction if structural defect concentration in the homojunction region is adequately low. Therefore, the high performance of the CdS/CIGS device might be contributed, in part, by the homojunction formation. However, this junction depth from the CdS/CIGS interface is rather shallow compared with other homojunction device designs such as crystalline Sibased solar cells. Charge carriers (electrons) transported over the homojunction continue to transport over the CdS/CIGS and ZnO/CdS heterointerfaces, where a barrier, if any, would also have an effect on the device performance. Fig. 1(c) , and the edge of the depletion region. Fig. 3 shows AFM, KPFM, and SEM images taken of the same area of the ZnOS/CIGS device. This sample area is close to the edge of the metal contact; only the Ni bottom layer but not the Al contact layer exists (bottom Ni contact layer is a little larger than Al on the ZnO layer). The images were aligned by the particle feature (dashed circles) and the metal layer. Similar to Fig. 2, Fig. 4 shows the potential, potential change, and electric-field profiles taken at the different Vbs. The electricfield peak or the junction location is ∼25 nm away from the center of the ZnOS layer, which is significantly different from the CdS/CIGS device (∼70 nm). Considering the well-known ZnOS thickness (∼20 nm), the junction location is ∼15 nm from the ZnOS interface (see Fig. 4 ). This distance is smaller than the KPFM resolution (∼30 nm) and alignment uncertainty. Therefore, we cannot determine whether the junction is right at the heterointerface or at an extremely shallow location in the CIGS subsurface region. Because the CIGS films are identical in the two devices, this junction formation may imply a smaller diffusivity of Zn than Cd in CIGS. The center of the ZnOS layer, and thus, the ZnOS/CIGS interface, is well within the depletion region [see Fig. 4(c) ]. So, the recombination at the interface cannot be avoided for carrier transport, which can negatively affect the device performance.
Finally, we located the junction of the ZnOS/PE-CIGS device. As shown in Fig. 5 , the corresponding features in these images, as indicated by the arrow lines, were used for aligning the images. On the electric-field profile, there are two peaks at the junction and on the Ni metal contact layer. This field profile at Vb = +0.5 V is a derivative of the potential, but not of the potential difference. The Ni thin layer of ∼50 nm overlaps with the electric-field peak, and the layer is too thin in the KPFM potential image to be resolved. In Figs. 2 and 4 , the field profiles were derived from the potential change, so there was no such peak at the metal/ZnO interface, because Vb applied to the device does not drop at the metal/ZnO interface. On the other hand, the field peak on the Ni metal layer illustrates a good alignment of the images.
The junction location is 35 nm away from the ZnOS/CIGS interface in this measurement and is 20 nm away in another measurement. Therefore, the junction location is similar to the ZnOS/CIGS device without the PE treatment. The PE treatment tends to change the CIGS subsurface region in a way similar to the CdS deposition, but without actually forming the layer [13] . In the PE electrolyte solution, all other components are the same as the CdS CBD solution, except for no CS(NH 2 ) 2 . The PE treatment did indeed improve the device efficiency, usually leading to an efficiency between the CdS/CIGS and ZnOS/CIGS devices. However, we have not observed a change in the junction location by this treatment. The effect of the PE treatment other than changing the junction location (or adequate doping of the subsurface region)-such as surface passivation (turned to interface with device completion) or changing the near-surface chemistry-may be responsible for improved device performance [21] .
These junction location differences are qualitatively consistent with V oc and FF of solar cells. Interface recombination for carrier transport over the junction should affect all the performance parameters with V oc and FF being more significant than J sc . Because minority carriers become majority carriers when transporting through the junction, if there is a significant component of transport by interface recombination, carriers lose their energy and directly affect V oc and FF the most. All the parameters, Eff, V oc , J sc , and FF, of the three devices in this work are in the order of CdS/CIGS > ZnOS/CIGS > ZnOS/PE-CIGS (see Table I ). Better J sc of the CdS/CIGS device results from the anti-reflection coating, whereas the other two devices do not have the coating. The buried homojunction of the CdS/CIGS device should partially contribute to better V oc and FF than the other two devices. However, we have not observed a junction location difference between the ZnOS/CIGS and ZnSO/PE-CIGS devices, although V oc and FF of the later are better than those of the former. If interface recombination of both the devices cannot be avoided by changing the junction location away from the interface, interface quality or recombination velocity should play a major role in V oc and FF, and the PE process may have an effect in passivation of the interface defects/states. We note that although the cell efficiencies in this work are consistent with the general trend among the three cells, the device performance parameters depend on each batch of cells because of fluctuations in, for example, shunt spot and nonuniformity. However, the junction location should not change with these fluctuations, and what we observed should describe the general effect of the junction location on the performances no matter of the performance fluctuation on each individual cell. 
IV. SUMMARY
The p-n junctions in three CIGS devices with different window-layer materials or PE treatment of CIGS were located by using KPFM potential/field profiling across the junction and aligning with SEM imaging. The results show that a buried homojunction (depth at ∼40 nm) in the CdS/CIGS device, but a heterointerface junction in the two ZnOS devices with and without PE treatment of CIGS films prior to the ZnOS deposition. These results shed new light on understanding the interface and junction formation and their effect on PV performances.
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